We have demonstrated a simple experimental technique that can be used to measure the nonlinear absorption coefficients in glasses. We determine BK7, UG1, and UG11 glasses to have linear absorption coefficients of 0.0217 ± 10% cm -1 , 1.7 ± 10% cm -1 , and 0.82 ± 10% cm -1 , respectively, two-photon absorption cross-sections of 0.025 ± 20% cm/GW, 0.035 ± 20% cm/GW, and 0.047 ± 20% cm/GW, respectively, excited-state absorption cross-sections of 8.0x10 ± 20% cm 2 , respectively. For our application, nonlinear effects in 10-cm of BK7 are small (≤ 2%) for 355-nm fluences < 0.2 J/cm 2 for flat-top pulses. However, nonlinear effects are noticeable for 355-nm fluences at 0.8 J/cm 2 . In particular, we determine a 20% increase in the instantaneous absorption from linear, a solarization rate of 4% per 100 shots, and a 10% temporal droop introduced in the pulse, for 355-nm flat-top pulses at a fluence of 0.8 J/cm 2 . For 0.5-cm of UG1 absorbing glass the non-linear absorption has a similar effect as that from 10-cm of BK7 on the pulse shape; however, the effects in UG11 are much smaller.
INTRODUCTION

Application
The ability to predict the change in transmission due to two-photon absorption, excited-state absorption, and solarization induced by UV laser light in BK7 and color glasses is of interest since these glasses are used in a variety of optical applications. Our particular interest is how these nonlinear effects impact the performance of the full-aperture backscatter diagnostic (FABS) used on the National Ignition Facility (NIF) located at the Lawrence Livermore National Laboratory (LLNL). The FABS diagnostic measures the integrated energy per pulse and the pulse's temporal wave form. A schematic is shown in Figure 1 . Pulses of UV light in the 1 -3 ns range are directed into the FABS diagnostic after passing through BK7, UG1, and UG11 glass. The BK7 window is 10-cm thick and the UG filters are ~0.5-cm thick. Fluences up to 1 J/cm 2 are incident on the BK7 window as shown in Figure 1 . Previous work has shown that fluences this high will induce two-photon absorption, excited-state absorption, and solarization.
1 This paper describes a technique that accounts for the transmission change and temporal distortion of the pulse shape due to non-linear effects.
General Approach
The approach to evaluating non-linear absorption and solarization induced by 355 nm light in BK7 and UG glasses has 4 parts. First, we describe the linear and non-linear absorption equation. The equation is simplified for numerical analysis by making several reasonable assumptions. Second, nonlinear absorption and solarization are induced in 2-cm thick BK7 and 0.3-cm thick UG1 and UG11 glass samples using 6.8 ns pulses and 3.5 ns pulses of 355 nm light. The absorption changes in the glass samples were experimentally measured on a pulse-by-pulse basis for fluences in the range of 0.2 -0.8 J/cm 2 . Third, the absorption cross-sections for each glass were extracted from the data by fitting the finite element solution of the nonlinear absorption equation to the measured transmission data. Fourth, with the crosssections determined the nonlinear absorption equation is used to calculate the change in transmission and pulse shape for the FABS application. The FABS diagnostic package measures the integrated energy and temporal waveform of UV pulses after they pass through a BK7 window and UG filter glass.
SOLVING THE NONLINEAR ABSORPTION EQUATION
Nonlinear absorption equation
The fractional intensity loss per unit distance of a pulse propagating through an absorptive medium can be expressed as ( 1 ) where α = linear absorption coefficient (cm -1 ) β = two-photon absorption cross-section (cm-GW) -1 σ esa = excited-state absorption cross-section (cm 2 ) σ cc = color center absorption cross-section (cm 2 ) n e = conduction electron density (cm -3 ) n cc = color center density (cm -3 ) Equation (1) contains both linear and nonlinear terms as shown. The coefficient α describes linear absorption. The nonlinear terms are illustrated schematically in Figure 2 . When the energy of two absorbed photons exceeds the band-gap, a valence electron can be promoted into the conduction band, leaving behind a hole. This two-photon absorption (2PA) is represented by the term βI in equation (1 conduction electrons re-combine with holes, but some are trapped by impurities or other defects to form color centers. The formation of color centers is represented by the term σ cc n cc in equation (1) (i.e. solarization). There are a number of possible color center species, 2 and each species will have a different density and photon interaction cross-section. In general, the solarization term should be written as a sum over species, but here we represent it as a single term for simplicity. An electron trapped at a color-center can interact with a single photon and be removed or "de-trapped" from the defect, which eventually leads to solarization saturation. The objective of this work is to evaluate the material constants β, σ esa , and σ cc .
The terms in equation (1) evolve on two very different time scales. The conduction electron density accumulates rapidly with absorption interactions, whereas color-center density accumulates comparatively slowly because electrons must migrate a distance in order to encounter a trap. The time scale difference allows us to calculate the conduction electron build-up separately from color-center accumulation.
Solving for the conduction electron density, n e
Equation (1) requires expressions for the conduction electron density n e and color-center density n cc . A simple expression for the conduction electron density is possible if the electron-hole recombination time is long compared to the pulse length. Luminescence lifetime measured for pulsed-irradiated samples show the time for electron-hole recombination is long (>100 ns) compared to the nanosecond scale pulse lengths of interest for this application. 3 In this case, the conduction electron density accumulated during a pulse is simply
This integral is taken over a single pulse, and the conduction electron density is assumed to fall to zero between pulses. This assumption is reasonable as long as the time between pulses is long compared to the electron-hole recombination time. Luminescence lifetime measurements show the recombination time is short (< 1 ms) compared to the duration between our pulses.
For consecutive pulses, equation (2) will change little from pulse to pulse. But its value can change over many pulses as color centers form and the spatial absorption changes. The conduction electron density accumulated per pulse approaches a constant value as solarization approaches saturation.
Solving for the color center density, n cc
The rate equation for the density of each color center species is given by (3) where N is the number of pulses. The source term is n e P cc , where P cc is the probability a conduction electron will form a color center, and in general P cc << 1. The ratio (3) represents the probability a color-center will be destroyed by interaction with a photon. 
Equation (4) allows the effect of solarization to be integrated over many pulses, avoiding pulse-by-pulse numerical integration. This expression applies to each color center species, but discriminating between the affect each species has on the data is generally not straightforward. Some researchers have measured radiation emissions to study the different species, but a simple solution applies for the limiting case of small number of pulses.
The nonlinear absorption equation for small number of pulses
At the initial onset of solarization, equation (4) simplifies to pulse cc e cc N P n n ≈ ( 6 ) where N has been set to zero and N pulse represents the number of accumulated pulses. Using equation (6), the nonlinear absorption equation (1) becomes
Equation (7) is linear with number of pulses, and (P cc σ cc )n e is the absorption increase per pulse. The absorption increase per pulse from solarization is the cumulative effect of multiple color center species. But at the onset the cumulative effect of all species is conveniently expressed by a single lumped coefficient. For the FABS application, evaluating this limiting case is adequate. With continued pulses the role of various color center species evolves as species saturate at different rates, and equation (6) eventually breaks down.
Numerical solution
A finite element solution of equation (7) is employed to determine the transmission of an arbitrary pulse waveform through a sample of arbitrary thickness. We re-write equation (7) in finite-element form by dividing each laser pulse into M flat top pulses (see Figure 5 ) of constant fluence F i ; For a gaussian pulse, five sub-pulses are adequate to conserve energy within a few percent. The conduction electron density n e at location x is held constant over a number of pulses ∆N pulse , until the fluence changes by a few percent due to solarization. Then the value of n e is updated for the next increment of pulses.
The fluence dependence of each term is clearly visible in equation (8). For a fixed pulse length, two-photon absorption scales with fluence F, while excited-state absorption and solarization scale as F 2 .
Figure 3: Gaussian temporal pulse subdivided into five flat-top sub-pulses for the finite element calculation. fluence than two-photon absorption, any two shots at different fluence allow the coefficients β and σ esa to be directly evaluated. Single pulse wave form i=1 i=M Figure 4 indicates the attenuation changes slope as the number of pulses increases. Initially, the nonlinear absorption is relatively independent of the number of pulses because it is dominated by two-photon and excited-state absorption. The two-photon and excited-state absorption terms are approximately 100 times larger than the solarization term beginning with the first pulse. But as the number of pulses increases (≳20), the attenuation transitions to a linear dependence with pulses as the solarization term increases to the same order of magnitude as the two-photon and excited state terms.
Evaluating the absorption coefficients
Intensity
EXPERIMENTS AND RESULTS
Experimental setup
Nonlinear absorption was induced in glass samples using the experimental setup shown in Figure 5 . The setup utilizes a Q-switched, tripled-YAG laser operating at 355-nm with a pulse repetition frequency of 10 Hz. The laser has a gaussian temporal profile with a FWHM of 6.8 ns. The laser operates multi-mode and the beam at the laser's aperture has intensity variations in the form of concentric rings across its spatial profile. We focus the beam into the far-field to produce a beam at the sample that has an approximate gaussian spatial profile. The far-field focusing is accomplished using the telescope shown in Figure 5 . The telescope is composed of the +2 m and -0.5 m lenses shown. The focal length of the telescope is ~20 m; hence the reason for several folding legs in the beam path. A typical beam profile measured at the sample is shown in Figure 6 . The beam has a fullwidth at 1/e 2 of 8 mm. The energy (fluence) incident on the sample is controlled with the waveplate and polarizer shown in Figure 5 with the camera converts the energy measurement and beam profile to a peak fluence value. Another energy meter positioned after the sample measures the transmitted energy through the sample. The transmission of the sample is then calculated by taking the ratio of E transmitted to E incident . The transmission data is converted to absorption, by calculating (1 -transmission), for the analysis. The electronic shutter shown in Figure 5 is used to limit the rate pulses are incident on the sample to 1 per minute. This allows the electronics of the camera and detectors to equilibrate after each pulse and prevent the sample from heating. Fluences between 0.2 and 0.8 J/cm 2 were used in the tests with each test consisting of 100 pulses at a fixed fluence. A new site on each sample was used for each fluence test, i.e. the sample was re-positioned after a test at a given fluence. 
Evaluation of the absorption cross-sections
Absorption measurements
The absorption measurements for the BK7, UG1, and UG11 samples are shown in Figures 7, 8 , and 9, respectively. The fluence used for each 100 pulse test is labeled on the plots. The scatter in the data is due to random fluctuations in the output of the laser. The fluctuations in the laser output decrease the signal-to-noise ratio at the lower fluences. In converting the transmission measurements to absorption, the index of refraction of the different glasses (inset) was used to account for the loss in transmission due to Fresnel reflections. For reference, the linear absorption is shown for each sample. The linear absorption was measured using a low-power (~5 mW) CW beam.
The first few pulses show the initial jump in absorption above linear. The remaining pulses show the solarization rate. Linear fits to the data for >20 pulses are also shown on the plots. Note the change in absorption due to solarization (>20 pulses) increases linearly as the fluence increases, as expected. Of the three glasses, UG1 shows the least propensity to solarize. . Absorption data for UG11. The index of refraction (estimated) and thickness of the sample is given in the inset.
Absorption cross-sections
Using the method discussed in section 2, solutions to equation (7) were calculated and matched to both the initial jump above linear absorption and the slope of the linear fit to the solarization. The calculated absorption was matched to the data by choosing values for the cross-sections (β, σ esa , and P cc σ cc ) that produced the closest fit. The linear fit to the data from the previous section as well as the best-fit solutions to equation (7) for BK7, UG1, and UG11 are compared in Figures 10, 11 , and 12, respectively. The dashed lines in the figures show how equation (7) fits to the data using the cross-sections in Table 1 . Also shown in the figures for reference is the linear absorption. Table 1 lists the coefficients that gave the closest match of the calculated absorption to the data. In general, the match between the data and calculated absorption is fair (~within 20%). The accuracy of the nonlinear coefficients is estimated to be ± 20%, and is limited by shot-to-shot data scatter. The values measured for linear absorption are within 10% of values published by the material suppliers.
Examination of the results in Table 1 reveals that the two-photon absorption cross-sections for the three glasses are comparable, with the value for UG11 being about twice that for BK7. The three glasses have relatively large magnitudes for the σ esa coefficients as compared, for instance, to Cr 3+ -doped Na 3 Ga 2 Li 3 F 12 which has σ esa ~10 -21 cm 2 . 6 Of the three glasses, UG1 has the largest relative solarization coefficient (P cc σ cc ). The material constants given in Table 1 should be regarded as specific to the particular manufacturer that these samples were procured from since historically 5 
Calculated transmission for 10-cm of BK7
With the linear and nonlinear coefficients in hand, the absorption equation was solved for the pulse format and glass thickness of interest for the NIF diagnostic. Figure 13 shows the effect of non-linear attenuation as a function of fluence after passing through 10-cm of BK7. The incident pulses have a constant intensity (flat-top) of 3.5 ns in this calculation. Table 1 . Two-photon absorption and excited-state absorption both change the temporal shape of the pulse as it passes through the sample. Two-photon absorption preferentially flattens intensity peaks, while excited-state absorption tends to absorb the pulse at its tail more than at its leading edge. Figure 14 shows the affect excited-state absorption has on a constant intensity pulse (i.e. a flat-top). There is little effect at 0.2 J/cm 2 , but a 10% droop is calculated at 0.8 J/cm 2 .
As can be deduced from Figures 13 and 14 , nonlinear effects in 10-cm of BK7 are small (≤ 2%) for 355-nm fluences < 0.2 J/cm 2 for flat-top pulses, however, nonlinear effects are noticeable for 355-nm fluences at 0.8 J/cm 2 . In particular, we see a 20% increase in the instantaneous absorption from linear, a solarization rate of 4% increase in absorption per 100 shots, and a 10% temporal droop introduced in the pulse, for 355-nm flat-top pulses at a fluence of 0.8 J/cm 2 .
An attenuation calculation for 0.5-cm of UG1 absorbing glass shows the non-linear absorption has a similar effect to that from 10-cm of BK7 on the pulse shape. On the other hand, the effects in UG11 on the pulse shape are much smaller due to its smaller non-linear absorption cross-sections. The ability to calculate the effect of non-linear absorption establishes correction factors that allow determination of the true intensity and temporal profile from that detected by instruments in the NIF diagnostic. 
Color center saturation
The analysis in the previous sections was based on considering nonlinear effects for only small (<100) number of pulses. However, effects for larger number of pulses (~1000) are of interest for prolonged exposure. Color center saturation has two limiting cases for a large number of pulses. Equation (4) shows the color center density saturates with an exponential dependence for large number of pulses. Furthermore, equation ( The two saturation cases are illustrated in Figure 15 . Depending on which of these two cases apply, either N T or σ dt can be evaluated from the saturation data.
Absorption measurements where made with a large number (~10,000) of 355-nm pulses to determine which saturation limit would apply to BK7. The laser used for these measurement was a tripled-YAG laser operating at 355-nm but with a FWHM pulselength of 3.5 ns. This laser has larger pulse-to-pulse energy variations than that used to evaluate the nonlinear absorption coefficients, but was more convenient for the saturation measurements because it operates at higher repetition rate. The data is shown in Figure 16 . The data indicates that the saturation is primarily de-trapping limited, and corresponds to a de-trapping cross-section σ dt = 2x10 -22 cm 2 . Each absorption curve fits well to an exponential as shown. Contributions occur from a variety of color center species between the initial linear solarization regime and saturation, making it difficult to predict with any quantitative accuracy the exponential relation for these limiting cases. 
SUMMARY
We have demonstrated a simple experimental technique that can be used to measure the nonlinear absorption coefficients in glasses. The nonlinear absorption coefficients have been determined to within 20% by first measuring the absorption induced in BK7, UG1, and UG11 on a pulse-by-pulse basis using a 355-nm laser and then evaluating the coefficients by fitting the nonlinear absorption equation to the data. Absorption coefficients including the linear absorption coefficient α, the two-photon absorption cross-section β, the excited-state absorption cross-section σ esa , and the solarization coefficient P cc σ cc have been quantified for BK7, UG1, and UG11 glasses. The two-photon absorption coefficients for the three glasses are comparable with the value for UG11 being about twice that for BK7. The relative magnitudes for α and σ esa for the three glasses show a consistent relation, for instance BK7 has both the lowest value for α = 0.0217 ± 10% cm -1 and σ esa = 8.0x10
-18
± 20% cm 2 whereas UG11 has the largest values for these coefficients, α = 0.82 ± 10% cm -1 and σ esa = 5x10 -17 ± 20% cm 2 . It was also determined that all three glasses have relatively large excited-state absorption cross-sections (~10 -16 -10 -17 cm 2 ) as compared, for instance, to Cr 3+ -doped Na 3 Ga 2 Li 3 F 12 which has σ esa ~10 -21 cm 2 . 6 Of the three glasses, UG1 was found to have the largest relative solarization coefficient P cc σ cc = 2.5x10 -18 ± 20% cm 2 as compared to that found for BK7 where P cc σ cc = 8.50x10
-20 ± 20% cm 2 . Solarization saturation in BK7 was observed to be primarily de-trapping limited with a de-trapping crosssection of σ dt = 2x10 -22 cm 2 .
For our application (FABS), nonlinear effects in 10-cm of BK7 are small (≤ 2%) for 355-nm fluences <0.2 J/cm 2 for flattop pulses, however, nonlinear effects are noticeable for 355-nm fluences at 0.8 J/cm 2 . In particular, for 355-nm flat-top pulses at a fluence of 0.8 J/cm 2 we determine a 20% increase in the instantaneous absorption from linear, a solarization rate of 4% increase in absorption per 100 shots, and a 10% temporal droop introduced in the pulse.
For 0.5-cm of UG1 absorbing glass, the non-linear absorption has a similar effect as that from 10-cm of BK7 on the temporal pulse shape. On the other hand, the effects in UG11 on the pulse shape are much smaller due to its smaller nonlinear absorption coefficients. The ability to calculate the effect of non-linear absorption establishes correction factors that allow determination of the true intensity and temporal profile from that detected by instruments in the NIF diagnostic.
